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SUMMARY

A methematical analysis has been made o ghow the
method of oDiaining ths dimsnsions of tie intercooler thaib
711l use the least total power for & given set of design
conditions,

maad Iin o

ts ai rsis een used in a
sample calculation and, on the bas £ this calculation,
a new interccoler arrangement is suggesied. Because the
lezmgth of the two air passages of tae new arrangement is
shcrt in comparisor with the third dimension, the height
of {tke intercocler, this intercooier arrangement has un-—
usuel dircensicns. These dimensions give the proposed in-
tercooler arresngenent an advanftaze over ons cf usual di-
mensione because tess total power will be consumed Dy the
intercooler, the weightv anrd the volume of the intercooler
will te smaller, and the pressure drop of botk the engine
air and the ccol1ng air in maseing through the intercooler
will be lower.

Mha ~
+28 I o
]

IFTRODUCTION

The design of an cptimum intercooler involves tae
solutior of & prodlexn having many variablec factors. A4
whole serliss of intercocolers can be designed that will
ecconplish & reguired transfer of heat with ceritain speci-
fied temperature éifferences between cooling air and
heated, or engine, air, ese intercaolerszs, all of which
rmeet the reguirad.conditions 0of keat ‘transfer, will vary
widelr ia volumz, power consumed by the intercooler,
linear dimensions of the intercooler, pressure drop of
the engine alr, ené pressure drop of the cocling air in
passing throumg: the intercoaler. Obvicusly, some cri-
terion must be establishéd by which tke best iniercosler
of txe series can be selected. Such a critérion should
consider all ths significant variables.
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The total power consumed by the Intercooler is used
&8s the design criterion in this analysis. This total
power includes both the powaer used in forcing the engilne
alr ond the coacling air thraugh _ the intercaoldy, and the
power reguircd to transport the woight of the intercoolcr.
For a stationary intercooler, in which the power for '
transporting the intercooler is.not included in tho cal-
culations, the size of the optimum intorcooler approachos
infinity os thec power approaches zero. The criterion for
the dosign of o stationary intercooler would, therefore,
a0t be the minimum powor consumcd by the intcrcooler dut
would be a factor like its initial cost. .

¥For en aircraft intorcooler, howovor, the total powor
consuwmed is an expediocnt criterion beczusc the powor ro-
gquircd for tae transportation of the intorcooler is pro-
portional to the weight of the iatercooler, which is, in
turn, proportional to the intercooler volume. On the
basis of tie criterion sclocted, an cxtremely large in-
tercocoler would be tha most efficient if only the power.
required to force the oir through the iantorcooclor were
considorcd; whercas, an cxtremely snall intercocler would
be the best if only the power regquirced to traunsport tho
intercooler were coasidercd. An intercooler of an opti-
mun size is certoian t¢c e2xist for tho minirum total-power
consunptica. - - : -

Tho design conditions of the iantercooler will include
valuos for! the total mass flow of eanglne air, the inlect
tenperaturcs of both cooling and engine alr, the roguired
tenperature of the enginz air at the outlet from the in-
tercoolor, the characteristics ¢f the airplane in which
the intercooler is to be installed, ard thc physicnl char-
acteristics of the coeling air.

The type of intercooler core- ta be used con be chosox
from coasiderations of construction and of kaown principles
of heat transfer. Expoerience ‘nllcatesthat the type of
coastruction used should te such that both the heat-
trarsfor coofficient and the ratio of the heat~transfer
conofficicat to the friction factor are large., This reo-

quirenment nconrns thot Roynoldst annlogy should be approached
as closcly as poszible. Any turbulexcc- -producing device
thot is introducei. in an effort to get high vaolues of the
heat~transfor coefficlent will dlsproportloﬂatcly increase
the power coasumptlon and will be disaivuntabcous from
considerations of power cocnsunption.  BSmall, shooth pas-~
sageway coanstruction offers a moans of achiocving the do-
sired cozditions.
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Whether counterflow or crossflow of the alr sitreans
is to be used is virtually letermined by manifolding con-
siderationg. The counuprflow type of corstruction has a
slizght advanitage over the crossflow type on the basis of
the quantity of heat transferred, all other factors being
ecuzl. In a practicadvble case this advantage might amount
to 10 %o 15 percent. The greater easce of manifolding a
srossflow intercooler as cozpsared with that of manifolding
one of the counterflow type is usually considered of suf-
ficient importance to ouvtwoigh the advantage of a groeater
heat tramsfer in the countorflow intercooler. A crossflow
intercooler has been investigatced and tke results are pre-
sented in the precent paper.

Tt o syne of Intercooler assumed Tor tihe purpose of
this analysis is shown in figurs 1, Symbols are defined
in the next sectidér., The passageways are agcsumed to De
smooth ard $the air flow is assumsd %o be turbulsns, Ex-
perience iandicates that the Reynolds auvmber of the air
flow and the initial turbulence will irnsure turovorlent flow.

JFeat~transfer—-coocfficlent and friction-factor data
for round pipes cre applied 4o the rccocitznguler passages.
KcAdams (refecrence 1, . 1i7) states thot Shis application
is permissible with %Surbulerxt f£low, providsd tha?t the hy-
édraulic diameter of the passsgeway is used for tke %Hube
ciancter in all calculations,

The fin effectiveress is assumed constant. This valuc
obviously varics, but numercus cclculctions oa inftercoolors
of this firned +ype have indicated values of 83 to 97 per-
cent for fin effectiveness. A fin effectiveness of 95 per-
cent will be close to0 the zcctual valve for usable inter-—
coolers. . .

End losses are disregarded for simwlification. Con-—
sidecrations o0f the tube direasions ard Hhe fricwvrun foactor
indicate a maxirum error of about 5 poerczent In pocwer. con-—
sumption in tihe wusadle rvnée 2s a resuli of disregarding
the end lossces.

JOTATION

The units given are thcé ones used ir this paper. Any
self-couasistent system of units may be usecd.
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free area for passage of alr, sguarc foetb

specific hcat of air at zonstant pressure, Btu
per slug per degree Fehrenhoilt

drag coofficient of airplemne in cruising conditilon
1ift coefficient of airplene in cruising condition

hydreoulic diamcter of air passage

4 cross—secctional aren
s foet

\ wetted perimeter
friction factor (16:9 _2_
1 2 41

37 *

fia coffectiveness

sver~all heat-trazsfer coefficicnt from fluid to
fluid bascd on dividing-plate oarca, Bitu per
second per square foot per dagres Fahrenheit

surface Lheat-transfer coefficient -

heat-transfer coefficient from cooling air to
dividing plats

heat-traasfoer cocfficient from engine air to
dividing plate

height of intercocler, feect

lengzth of"coolipg~ai; passage, fect
length of engine-a2ilr passage, fect
noass flow of air, slugs ver sceond

over-all pressurec drop tarough intercooler, pounds
per square fool

totol power rogquired to force engine air or cool-
ing air through intercooler, fooi-pounds per
sccond

total power roguired to transport intercooler,
Toot-pounds por secoad
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total power consumed by intercooler,‘fbot—;ounds
per second

volume flow of air, cubic feet per second

gpacing between fins, feet

total dividing-plate area, square feet

fin thickness, feet

dividing-plate thickness, feot

temperature of the englne alr, degrces Fahrenheld
temperature of the cooling alr, degrees Pahrenheit

average velocity of air flow through intercooler,
feet per sccond

velocity of airplane, fect per second
width of fins, faet
weight of intercooler, pounds

factor to take care of welght of intercooler
mounting, etc.

mean over-all temperature diffcorence between
engine air and cooling ailr for crossflow di-

vided by T3 -~ T!;, given by the empirical
relation {(equation (13)) developed for this
paper

mt - Tli VR

—90 .~ & grelates to cooling air

Ti - T[i
ralates to engine air

coefficicnt of viscosity of éir, slugs per foob-
socond ' .

mass density eof air, slugs per cubic foot
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fr e fn ]
By «++ On
C1 ses Gy > constants
87 «ve Bp
Wy +e- Wy
7
Subscriptst
c refers to cooling air
e refers %o anéine air
i refers to inlet air
o refers %o outlet air, daitum

Dafinition of Functions

1 w 8 .
C, = = See fig., 1.
1 2 (w + tp) (s + t¢) ( & ”)

Ca = welght per uait volume of intercooler, pounds
per cubic foot

0.4 8w,
84 Wy

i

2'6 . 1 - s 2o
\03 .Sl.tw.:s/ . . ' :

0,098 pe "?

1.8 240,2e2 .
1 c D . -

$1 =

G

0.098 “Q?fz

1e8 2,0
e

pa =

¢, pled
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eV Cp i

4. = 0. € it
= o Cf,

s + by ) ( >
' : Oe2-
Nwf! + g 0'0245 Cpl“"c 2- ‘

' Qe 2 0,8
(2) )
2 wfl + s 0.0245 cppg®*?

6* = 931‘-{9

@
w
b]

@
]

O« 2
8 M,

D
a
It

"
L

(o +.85) op Logg (fi—g> _

— 0.46
Ry = e . - :
A= E
8
2.8 4
wy = py Mg S1 = ;ovs
c.
War= Py Mo *° 55 = 6
M 84
_ - - —e
wy = # 85 = B, (1 Mcg)
ANALTSIS

The various considerations stated in the Iatroductlon
make it possible to assign valuos %o all of thoe variables
except fourt (1) total mass flow of coolingrair; (2) length
of air passagc in the dircction of cooling-air flow; (3)
length of air passage in the divection of engine-air flowj
.and (4) the third dimcnsion, or height, of the intercooler.
The purposce of this peper is. t0 show how to determinc the
values of these four variables so that the total power con~
sumcd by the intcrcoolor shall be a minimum,
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The general plan of this analysis is to obtailn an
expression for ths total power consumed in terms of the
four variables Mc, Lc, Le, and H, and then to minie-

mize thls power, subject to the relation betweon the
voariables thot 1s imposed by the requircd conditioas of
heat transfer. An expression willl first be obtained for
the powvor usod 1n forcing.coollang air through the inteor-
cooler. Tho cquation for tho friction factor in terms
¢f the Reynolds number was obtained from reforence 1

(p. 111), and is

£=_5%p_ D _ _ 0.049 (1)
4L YD\ 0.2
b ® ()
~ ]
from which
Ge B : Qe 8 le8
0.098 pe *" Lg pe Ve
8p, = S (2)
D, bl

The freo. area for the passage of cooling air through
the intercooler is

A, = 0, Lo H (3)

The velocity of flow of cooling air through the in-
tercooler may be written as

Q Ho
Q

VG = ......?_ = .._'__9...___. (4)
i, ©C; L, E

From equations (2) and (4) may be obtained the ex~
pression for the power regulred to force cooling air
through tlie intercooler: ’

. B8 - | 0«2
e T %WehPec T T 1.8 1.8
Ly gt Gil.a 6a2" 0 ple2
Mca"B Le
P (6)

c = ﬁl Lel'a Hl.’a
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and, similariy,

Mg L
e} =}
Pe = $2 1.8 1.8 (7)
L, H
The power réquiréd to transport the weight of the
intercooler is gliven by
C
Po=WeV, 22 - (8)
w L

and the weight of the .intercooler under consideration is
given by

W = Gy HL.Lg (9)
where Op 1s the weigzht per unit volume of the intercooler.

From equations (8) and (8),

Ch\ . .. .
P, = (@a e VO'EE> HLoLg = 4 HBgLe (10)

The total power consumcd is given by the sum of equas~
tions (&), (7)), and (10) as

.2'8 . 3.3
Lo Mo La
5 * $5 Hicle (11)

¢ [
It = 1 t 2
Le 1.8 Hl.a Lcl.B

H

Tho relation betwoen the variables imposed by the ree—
guired conditions of hecat transfer can be doveloped dirccht-
ly Erom the cxpression tha% cquates the total heat given
up by the engine air to the total heat tranmsfcrred through
the dividing platoes, -

Mgopt = hyS ¢ | © (12)

Hussclt (refercnce 2) has given a theoretical rela-
tion for € in torms of £ and m. Dbut the relation is
too complicated Ffor genocral use, Nusselt has also given
o table of valuos of £, but, in order to use ¢ analyt-
iecally, an empirical relation for { ' has been devoeloped
from Fusseltls results that gives values correct to within
1l percent, provided that ncither £ nor n exceeds 0.7,
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For larger voiuves of ¢ and n, the error approaches 5
perccant. The empirical relation is

_Oe4s
0.46
it e (- “‘@”
E(1 - )V _ .
£ = , (13)
log f/—————> log (__l__.>
e\1-¢ . e 1~ E
The totel dividing-—plate arcsa S  isg
E . . ..
S = ————— LgIg (14)
v + &

2
An cxpression for the local surface heat-transfer
coefficient is given in reference 1 (p.-173) as

Oe2 [o 1P -] Ce 8
cp W 3 ¥
hg = 0.0245 = (18)

An examination of figure 1 showse that the heat—transfer
coefficient on the cooling-air side, based on dividing=-
plate area, is

"

wil + g

16
¢ S+t.p ( )

Substituting equations (4) and (15) in equation (16)
and inverting,

Cea Ce B, OeB,_ 048 - Os8, __0e8
_J___.=<s+tf Dgs G, \LG H _ e La ﬂo
he \Nwf' + 5 0.0245 cpuc®*2/ M 0® 7 n0et
end, simiiarly,
[o PR ] Ce 8

1 Lg -H

.= 6, —— (18)

nNeg X }gle8

The cquation giving .the over—all heéat-transfer cocf-
ficient when two surface cocfficients arc acting in series

is - .

(17)
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R S (19)

and, from equation (12),

1 st
hi Mecp £

]

so that
st 1 1
- —- = — + — _ (20)
Mecpg hg hy :

Substituting equations (13), (14), (17), and (18)
into equation (20) gives

: De8 0.2 M 8
+ 65 e ' -8, H LoLg (1 - §§€> = 0 (21)

Equation (21) is the required expression for the re-
lation betweer the wvariables if the stipulated conditions
of heat transfer are to be moet and is the constralnt %o .be
. used when minimizing eguetion (11).

The problem now is to obtaln a minimum value for the
total povwer consumption as glven by equation (11), subjecct
to the requirement that thge varlables shall at all timos
satisfy. equation (21), Phis minimum value is "obtailned by
means of Lagrange!'s method of undetermined multipliers
(reference 3, p. 120).

In order to.obtain conditions for the raximum or the
minimum value »of the function Pg = F(lgo, Lp, DLg, H)
where the variables arec comnnected by a relation
G(Mgy Loy Loy H) = 0, the operations indicated in the

following cquatlons are performed.
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'\
oF 3G
g TN a0
8F+7\8G-_0
OLg OLg \ (22)
oF oG
+ A = Q
3L, 3L,
BF 3G .
mt ME”© J

whore A is an unknown multiplier.

Eguations (22) taken with cquation (21) give fivo
simultancous equations in the four wvariablos and A, aond
the solution of thosoe equations gives the valuo of the
variables for minimun or maximum powor.-

This mothod of solution was first. applicd to equation
(11) subjoct to tho comstraint imposed by cquation (21).
Tho only solution obtainecd wag Mg = o for rinimum power,
which indicatod an intorcooler only of academic intercst
outsido the regilon wherc the assumptions are valid. &
velue was assigned to M, 1n order to obtain solutions
for the other threc-variables., Tha assigned value of Mg
nay be included in one of the conspants in cach oquation
in which it occurs, and equations {11) and (21) reduce to

Le : Le _
P; = F(L.,Ls,H) = —— -
b (Lc, e ) (DlLel.BHl.B * Wa L l+BHI+8 f wy HLeLg (23)
G(Lgs Lg, H) = 850,°°% + 8,5,°°°% = 5,0%%3 1, L, = 0 (24)

If the operations indicated in equation (22) are perw=
formed in equations (23) and (24), three equations results
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~
w : . 1.8 [$3] - 0.8 8 Ce2
1.31 — - — s'afes + wyHLe + A ( 0‘: - 8zH Le) =0
L, E™® L,"*" E™* ' Lo ™
- R 0'8'6
1.8 wy Le Wa + WgHLc +,z.< L . 55E°® Lc> = 0 5(25)
Be [o 1P~}
Le 8 " 1.8 LCI.G Hl.e Le
- loaw L 1.8(.0 IJ 8 :
1ite . 2T 4wy Lele + A (- 0.2 5§°§e 0

These three equations, together with squation (24),
form a set of four simultancous cequations in the four vari-
ables Lg, Lg, H, and A, The exact solutions for these

equations have been obtained, and are

a/7

0.4 w, C, Gle/®

H= Wy + o a/s|’ (261
9/5 92/28 Wz Cs T ’ )
G, Ca
—-13/8
Lo = C4 (27)
) 13/85

Leg = Gz (LoHE) : (28)

When these three solutions were obtained, values for A and
Py were also obtained:

1.4 w, HY/S:

A = ™ (29)

and

P, = 1.4 7 . (30)

Equation (3C) serves as a check on the accuracy of
calculation. The calculations made for this paper checked
to five or six significant figures in equation. (30). 4
more complete check on the. caleulations is .the comparison
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of the velue of Ap,, as calculated from cquation (23,

with the value of Ap, colculated from Apg = %2 (from
c
aquation (5)).

EXAMPLE

For illustration of the results to be derived from
this anclysis, calculatlions of optimum intercoceler dimone
sions arc mode on thoe basis of the following assumptions?

l. The brakoe Lorsepower of the engine is 1000.

2. The cngina weses 6600 pounds of alr per hour, or
0,0569 slug per sccond.

3. T; = 280° F, T, = 80° F, D!; = ~30° F.

4., The airplane is operating at the rated height of
the engine, which is 25,000 feet.

5. Voy the flight velocity of the airplane, is 300
miles per hour or 440 feet per second.
c

6. € -2 = 0.C75.
Cr,

7. The intercooler is made of copper (555 1b per cu

ft); s = 1716 inch; w = 1/2 inch; +t¢ = 0.005
inech; tp = 0.010 inch.

Fluid Constantszs Used

Eagine alr Cnolinaz air
Density, slugs/cu ft 7.001965 at 180° 7 0.000907 at 20° F

Viscosity, slugs/ft-sec|0.443 x 10~ %at 180° F|0.355 x 10~%at 20° ¥

Thermal conductivity, |4.19 X 107%at 140° F |3.61 x 10 %at 40° F
Btu/sac/ft2/0R/ft : .

Specific heat, T.73 7e73
Btu;/slug/°F

Pressvre, in. Hg 30.5 11,1




The results of the calculations made are shown in
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table I and in figure 2.

15

Pumping efflciencies have not been included in these
If desired, the pumning efficiencies may be

computations. _
included in the constants W, .
constant by the efficicency.

and Wo

by dividing the

TABLE I
Besults of Samnple Calculation
Intercooler ; P

M, H Le L volume 4pe Apg } %
(£8) | (£3) | (£%) (cu £%) (1b/sq £%) |(ib/sq ft)i (hp)

i
1.00169.9110.018;0,470 0.583 c.208 5.57 i 2,50
.30 |19.72| .063| .297 .617 745 5.89 | 2.66
151 8,64 ,144 «+568 e 7TQ4 1,700 B.72 l 303

i,
05 1.29] .964}11.,2%C 1.576 11.41 15,04 | 6.78
.04 42| 2.37413.136 3.890 35.24 37.14 !16.75

DISCUSSION AND CONCLUSIOHS

It is evident that the foregoing snalysis cannot be
applied without some alteration to other types of inter-
coocler than the crossflow one assumed. The general ap=—
pearanco of curves like those shown in figure 2 will be
similar for all types of crossflow intercoolers, so %that
the analysils presented in this paper should serve as a
guide in the testing of 2ll similar trypes.

In view of the simplifying assumptions mede for thls
analysis and the number of sources from which the data
were drawn, 1t would no% be surprising if the values of
power &nd the intercooler dimensions calculated on the
basis of the analysis should be somewhat in error but the
trends shown in figure 2 should be correct.
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An exanination of figure 2 shows the advisability of .
using large values of mass flew of cooling air, Increas-
ing M, reduces the totazl nower consumed, the volume and
welght of the iatercooler, and the pressurs drop of boih
engine and cooling air, The objections to using large
values of M, are: {1) More air must be taken into the
airplanc from the mein azir stream, and (2) the intercooler
assumes very eclongated proportions. As regards the first
objcectiorn, even though more air is paossed through the alir-
planc with an iacreaszs in M,, - the enorgy loss is much
lower, so that a reasoncble increcaese in M, may be toler—
atede It con be scen from figure 2 that, at M, = 0.10,

o large partv of the advantage to be gained from a large
ralue of mass flow of cooling alr has been obtained., The
second objection might be overcone if tho celongated intor-
cooler is used ir an arrangerent similar to the one shown
ir figure 3. It seems as though an arrangenent such as
this oue can be made with no more over—all volume than in
an optimum intercoolzr, with ite manifolding, using srall
cooling air flow. ther arrangenents for using an elon-—
gated intercooler core may be better; figure 3 is only one
suggestion. -~ o T - ST Ce el I

In previousg calculatiozs for the desizgn of an inter- -
cooler conplying with the conditions specified in the ex—
ample given 1iIn the paner, an atienpt was made +o0 aszsign
values to the variables by inspection and successive ap-
proximations. The lowest value of tae total power con-
sumed that was obtaincd from any of these previous calcu-
lations was about 8 horsepower; wherceas, tae prescnt col-
culatiorns lmmediately indicate an iatercooler that will
consunec only 3 norsecpower. Tha volune and the weight of
the optinum intercooler also are smaller in the prescnt
analrvsise

Langlcy Mcemorial Aerorautical Laboratory, o
Tational Advisory Committec for Aercnautics,
Langley Fielda, Va., August 27, 1940.
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Figure 1 .- Type of intercooler
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Figure 2.- Variation with M, of optimum values of intercooler parameters. (Taken

from results of sample calculabtion.

(a) Variation of horsepower consumed,

intercocler volume, and pressure drop.

See table 1.)

(b) Variastion of intercooler

dimensions.



